Actinomycetes isolated from different soil samples were tested for their abilities to utilize spent sulfite bleach effluents from a paper mill. Degradation and dechlorination of the chlorinated compounds in the effluents of the first, two bleaching stages, i.e., chlorination stage [(C + D)red.] and alkaline extraction stage (E10), were monitored by determining total organic carbon (TOC) and activated-carbon-adsorbable organic-bound halogen (AOX). The isolates showed increased degradation rates after repeated incubations in the effluentcontaining medium. Separation of the culture supernatants by ultrafiltration into three fractions of different molecular weights revealed substantial AOX and TOC reductions in the low-molecular-weight fraction. The AOX values of the higher-molecular-weight fractions were also reduced. Extracellular peroxidase and cell wall-bound catalase activities were produced during growth of the microorganisms on bleach effluents.
sistant to biodegradation and have a higher potential for bioaccumulation in fish (7, 20, 21) . The medium-and highmolecular-weight compounds are only slightly modified as they pass through the wastewater treatment plant into the receiving river, where they release toxic and lipophilic low-molecular-weight compounds during their slow decay (7). 2,4,6-Trichlorophenol, 3,4,5-trichloroguaiacol, and tetrachloroguaiacol have been shown to accumulate in fish (15) . The amounts of organochlorine compounds (measured as activated-carbon-adsorbable organic-bound halogen [AOX] ) and dissolved organic carbon (DOC) from five pulp mills discharging into the River Rhine have been calculated to be 2,100 tonnes of AOX and 33,000 metric tons of DOC per year. This would account for 90% of the total AOX load and 10% of the DOC load of the Rhine (25a). Worldwide, an estimated 250,000 metric tons of AOX are produced per year (14) . A reduction in the amount of chlorinated compounds, especially those of higher molecular weights, in bleach plant effluents is highly desirable and demands an improved wastewater treatment procedure.
In nature, actinomycetes are involved in the degradation of lignocellulose (26, 27) . Their ability to produce lignindegrading enzymes has been demonstrated (26) . Other research work has shown their ability to degrade chlorinated aromatic compounds and has elucidated the degradation * Corresponding author. pathways of some model compounds (6, 9, 12, 13, 20, 25) . Actinomycetes could therefore be candidates for the biological treatment of spent bleach plant effluents.
In the present investigation, the microbial conversion of chlorinated bleach plant effluents by actinomycete isolates was studied to obtain information on changes in the chlorolignin fractions and to identify extracellular enzymes produced during growth on spent sulfite bleach plant effluents.
MATERIALS AND METHODS
Microorganisms and culture maintenance. Actinonmycetes were isolated by selective isolation procedures (16, 17) Arthrobacter picolinophilus (DSM 20665) was obtained from the German Collection of Microorganisms and maintained at 4°C after growth at 30°C on DSM medium 53.
Screening procedure. Experiments were carried out with pure cultures. Sampling and substrate additions were made under aseptic conditions, and appropriate noninoculated controls were included. Screening for growth on sulfite spent bleach plant effluents from the first two stages of a conventional bleaching sequence was performed on agar plates containing a mixture of 166 ml of E10-stage effluent, 333 ml "After adjustment to pH 7.0 and filtration through 8-,um-pore-size cellulose nitrate filters, the filtrate was separated into three molecular weight fractions, i.e., L (<1,000), M (1,000 to 10,000), and H (>10,000), by ultrafiltration through Amicon membranes PM 10 and YM 2.
bIn mg of Cl liter-.
In mg of C literof (C+D),ed -stage bleach effluent, 500 ml of double-distilled water, and 20 g of agar per liter of medium. Isolates growing on this medium were subcultured on the same medium to obtain spores to be used as inocula for liquid cultures. The liquid medium for degradation experiments contained 14.8 g of Na2HPO4 2H20, 2.3 g of KH2PO4, 5 g of yeast extract, 2 g of (NH4)2SO4, 0.05 g of Ca(NO3)2, 1 ml of trace element solution (11) , 333 ml of (C+D),ed.-stage bleach effluent, 166 ml of E10-stage bleach effluent, and 500 ml of doubledistilled water per liter. The E1O/C+D ratio of the medium reflects the conditions found in the effluents of the paper mill. Liquid cultures for degradation experiments and production of extracellular enzymes were performed in 500-ml shaking flasks with 180 ml of medium at 30 or 37°C, respectively, and 150 rpm. The inoculum size for isolates growing as single cells gave a final cell density of about 107/ml of medium. The inoculum sizes of isolates forming mycelial pellets could not be determined. Autoclaved media were used for adaptation and maintenance of the isolates. Cultures used for measuring AOX, total organic carbon (TOC), and DOC reductions and extracellular peroxidase activities contained nonautoclaved bleach effluents. The (ii) Catalase. Catalase activity in culture supernatants and cell suspensions was measured with a Rank Brothers (Bottisham, England) Clark-type oxygen electrode. Appropriate volumes of enzyme preparation or cell suspension were brought to 50°C and degassed by being purged with nitrogen. After dilution with 50 mM phosphate buffer (pH 7.0) to a final volume of 2 ml in a temperature-controlled measuring cell, the reaction was initiated by the addition of 20 pu1 of 0.1 M sodium perborate solution. Reading of the electrode current started 15 s after the addition of sodium perborate. Calibration of the oxygen electrode was done with catalase (from beef liver; catalog no. 106810; Boehringer Mannheim GmbH) and various amounts of sodium perborate (8, 24 Some cultures were inoculated with a spore suspension (AOX-free inoculum) to estimate the amount of loss of AOX in the supernatant due to association with the cells by adsorption, undegraded intracellular metabolites, or entrapment in the microbial mycelium. The results indicated that only 3.5 to 4.9% of the initial AOX content becomes associated with the cells.
Changes in AOX, TOC, and CU contents of three bleach effluent molecular weight fractions. Ultrafiltration of the two bleach effluent fractions and the medium resulted in three molecular weight fractions: L (<1,000), M (1,000 to 10,000), and H (>10,000). The total CU in the culture supernatants of all isolates increased during the incubation period. The increases in total CU varied between 790 and 2,260 CU. L-and M-frac- tion CU decreased by 430 to 1,000 CU, but H-fraction CU increased by 2,042 to 3,595 CU. Extracellular enzyme activities. Decreases in AOX and TOC values during growth on bleach effluents for compounds with molecular weights above 1,000 were expected to involve extracellular or cell wall-bound enzymes. Isolates growing on bleach plant effluents were analyzed for extracellular peroxidase and phenol oxidase activities, with L-DOPA, syringaldazine, o-dianisidine, and 2,4-dichlorophenol used as substrates. Of 106 organisms, 47 showed peroxidase activities in the culture supernatants with L-DOPA, reaching activity levels of up to 24 mU ml-'. Only a few also exhibited low activities with 2,4-dichlorophenol, o-dianisidine, or syringaldazine as substrate, with activity levels of 0.5 to 5 mU ml-'. activity levels of up to 3 mU ml-'. Only a few also exhibited phenol oxidase activities when L-DOPA or syringaldazine was used as substrate. Phenol oxidase activity reached its peak levels at 3 to 7 days after inoculation during the late exponential and stationary growth phases.
Catalase activities could also be observed in culture supernatants. Maximum activity of 1.5 U ml-' was measured in the culture supernatant of BW 42 grown on bleach effluent-containing medium. Assays with cell suspensions showed that catalase activities were also associated with the cells. Only a small proportion of this catalase activity could be released from the cells by ultrasonic treatment in phosphate buffer containing 0.3% CHAPS.
DISCUSSION
The data presented in this paper demonstrate the ability of actinomycetes to degrade and partly dehalogenate chlorinated compounds in bleach effluents. The strains were isolated under nonselective conditions and had not previously been in contact with bleach effluents. After repeated incubations of several of the strains in bleach effluentcontaining medium, increased AOX reduction rates were found, indicating the ability of the organisms to adapt to the conditions prevailing in the medium. This AOX reduction in the supernatants is not due to adsorption to the cells or autohydrolysis of unstable organochlorine bonds. The (1, 20, 21 (1, 7, 20) have reported formation of chloroguaniacols and its 0-methylation products by treatment of bleach effluent fractions above 1,000 molecular weight (H+M) with Arthrobacter spp. and other actinomycete species. Eriksson et al. (7) reported only minor TOC reductions in H+M chlorolignin fractions during a 40-day incubation. Another indication for modifications in the H fractions and/or condensation of low-molecular-weight compounds is the observed increases in CU. Replacement of chlorine substituents by hydroxyl groups and formation of quinones increases the CU of the chlorolignin fractions. Chromophore contents in the M and L fractions were substantially reduced despite a strong increase in overall CU. Compounds in the H fractions are most likely attacked by extracellular or cell wall-bound enzymes. These modifications also alter the solubility and hydrophobicity of the compounds. The different degradation patterns found in the three molecular weight fractions could indicate the involvement of enzymes in the degradation and dehalogenation of bleach effluents.
Four phenol oxidase-peroxidase substrates were used for the determination of extracellular enzyme activities in the culture supernatants of organisms grown on bleach effluents. Mainly peroxidases were found when L-DOPA was used as substrate, and low levels of peroxidases and phenol oxidases could be detected when 2,4-dichlorophenol was used as substrate. The isolates grown on chlorolignin showed peaks of peroxidase activity during their growth phase after 24 to 48 h of incubation when L-DOPA was used as substrate. Major AOX and TOC reductions occurred during the same period. The 2,4-dichlorophenol-peroxidase and 2,4-dichlorophenol-phenol oxidase activities appeared during the late exponential and stationary growth phases, during which only minor AOX reductions occurred, indicating no major role for these phenol oxidases and peroxidases in the degradation of the chlorinated compounds in bleach effluents under cometabolic conditions. Horseradish peroxidase and a laccase from streptomycetes are known to polymerize chlorophenols with the release of chloride (5) .
